Research is now fast approaching its realization phase. Roughly 800 superconducting magnets are required for the SIS100 and the Super-FRS machines. Given their long lead time of procurement for this large number of items, the SIS100 dipoles series is already ordered with the quadrupole modules following swiftly. The Super-FRS dipole and multiplets are being tendered. In a second realization phase the SIS300 accelerator will be built and placed in the same common tunnel as the SIS100. We report the status of magnet production of the different projects together with the experiences obtained during the manufacturing process of the first SIS100 series dipole.
I. INTRODUCTION
T HE FAIR-PROJECT is an international accelerator facility of the next generation. It builds on the experience and technological developments already made at the existing GSI facility, and incorporates new technological concepts. At its heart is a double ring facility with a circumference of 1100 meters. A system of cooler-storage rings for effective beam cooling at high energies and various experimental halls will be connected to the facility. The existing GSI acceleratorstogether with the planned proton-linac-serve as injector for the new facility. The double-ring synchrotron will provide ion beams of unprecedented intensities as well as of considerably increased energy. Thereby intense secondary particle beamsunstable nuclei or antiprotons-can be produced. The system of storage-cooler rings allows the quality of these secondary beams-their energy spread and emittance-to be drastically improved. Moreover, in connection with the double ring synchrotron, an efficient parallel operation of up to four scientific programs can be realized at a time. The project is based on many technological innovations. From magnetic point of view these are the fast ramped superconducting magnets of the SIS100 and SIS300 accelerators as well as the huge dipole and multiplet modules of the Super-FRS in-flight separator with a rigidity of up to 20 T · m. Whereas the Super-FRS is part of the modularized start version and is planned to be built in parallel to the SIS100, the second synchrotron SIS300 is not included in the start version of FAIR and will be incorporated in the facility at a later time. Nevertheless, all the planning of the buildings etc. is done in a way that makes a later integration of this machine as easy as possible.
II. SIS100 SIS100, the core component of the FAIR accelerator, is based on the original Nuclotron design and the optimizations obtained during the common R&D phase now resulting in the improved magnets used for SIS100 and NICA [1] , [2] . The magnets currently built are based on this know-how but still adjustments were required during the production preparation.
A. Dipole
The dipoles are of the window frame type, 3 m long and produce a field of 1.9 T with a ramp rate of 4 T/s (see also Fig. 1 ). The high current intermediate charge state beams, demanded for SIS100, require a beam pipe vacuum of 10 −10 mbar. Therefore, the whole beam pipe is used as a cryoadsorption pump, thus a superconducting magnet is just a natural choice for generating the field. The series of magnets was ordered in 2011 at the Bacock Noell GmbH (BNG) company with the first of series dipole magnet (FosD) delivered June 2013 (see Fig. 2 ) [3] . Model magnets were built and tested; but significant changes had to be made as this first of series magnet (FosD) is also its prototype (see Table I ). S2LD was a straight two layer dipole built by BNG [4] - [6] ) and C2LD was a curved two layer dipole built by the Budker Institute of Nuclear Research [7] . So the following changes had to be incorporated:
• Neither the default operation cycle with an operation period of 1.6 s and (a peak field 1.9 T or 2 T, ramp rate of 4 T/s), nor the triangular cycle with a period of 1 s could be sustained continuously by the model magnets. Therefore, the hydraulic resistance of the cooling channel had to be lowered, which required to double the current for the cable as the number of turns had to be cut by two [8] , [9] ; the cooling channel was increased as well. So the number of strands were reduced and its diameter increased that it can bear now a current of up to 20 kA DC at 2 T.
• The increased cable diameter now leaves only a gap of 0.12 mm between the turns (see Fig. 1 ); therefore the G11 reinforcement structure of the coil had to be reduced, so it is not enclosing the coil turns anymore as for the model magnets. This risk is mitigated by an increased focus on ensuring the electrical quality of the magnet.
• Brackets and end plates, made of stainless steel, form the mechanical support structure of the magnet. The contraction of the ferritic yoke is 0.1% less than for stainless steel. The model magnets developed a positive or negative bent during contraction while cooled down. Further FEM analysis showed that the welding seems between the laminations and the brackets were stressed beyond acceptable limits. Therefore, keys are now inserted to fix the laminations to the brackets. While the previous magnets had no measurable sag, a sag of ≈0.4 mm was found for the FosD. The sag will be remeasured during cold test and can only be qualified then.
To reduce the total procurement period the whole series has been ordered already, leaving only a gap of 9 month for testing the FosD magnet. This test program includes the standard tests of any superconducting accelerator magnet (electrical safety, leak tightness, cool down behavior, quench performance, magnetic field measurement; see Section II-C) but also the end profile of the magnet has to be optimized [10] , using dedicated inserts (see Fig. 5 ). At the end of this testing program the total design will be fixed and implemented including: the geometry of the lamination, the geometry of the end profile, the cable and its parameters. This short period will require a fine adjustment with the delivering company on all details so that different subitems can be released earlier before the whole test program is over.
B. Quadrupoles and Correctors

1) Assembly and Procurement:
The SIS100 accelerator uses a doublet focusing concept, thus the two quadrupoles are arranged in close proximity. Further steerer dipoles, the chromaticity correcting sextupole or the beam position monitors are mounted on the quadrupoles (a description of the correctors is given in [11] , [12] ). These different combinations are then called units (see Table II for the different types). Two units are now, together with the cryo collimator, assembled on a common girder, and inserted in a cryostat (see Fig. 3 , [12] ). Further at the beginning and the end of the arc a multipole corrector magnet is mounted in the (nearly) dispersion free area. The procurement is split up in [13] • the design of the doublets: i.e., all issues related to the cryostat and the magnet suspension system, • the production and the test of the units at cryogenic conditions, • and the final assembly followed by a second cold test to ensure that no cold leaks were introduced. These tests are intended to be executed for the first doublets produced followed by random tests in the series. 
2) Quadrupole Doublet Suspension:
The connection between the magnets and the cryostat is made by the "Nuclotron"-suspension system: i.e., support rods and tie rods are arranged in such a way that the axis of the magnets shall not be shifted during cool down. The length of these rods has to be adjusted to the length of the cold mass. The large length of the total quadrupole module assembly and the limited size of the cryostat would require to shift the suspension points so far that the angles would not provide an overall stable system. Here, a new approach was developed: the suspension rods are made partly of stainless steel and partly of Titan. The contraction of this system is then adequate to match the required minimal movement [15] .
3) Cooling Scheme: The SIS100 magnets are, as the Nuclotron magnets, cooled by a two phase forced helium flow, where the different circuits are parallel to each other so that the required cooling power can be attained [1] , [16] . This requires that different magnets are combined in cooling channels with similar or adjustable hydraulic resistance.
The two quadrupoles together with the associated correctors will be cooled in two parallel channels (see also Fig. 4) . In each channel first the bus bar to the local low current leads for the different correctors are cooled (see [11] , [12] on a description of the correctors), then the different high current bus bars of the dipole or quadrupole families are cooled, followed by the main magnet. This follows the cooling design of the dipole and ensures that the helium is at the lowest temperature in the conductor of the main coil. Then it passes through the recoolers of the helium supply headers. Finally, it is used for cooling the magnet yokes. The vacuum chambers are cooled in series, together with the cryocollimator. This cooling channel is supplied by a separate header but uses the common return header.
C. FOS Tests
The first of series dipole magnet for SIS100 was built by BNG and delivered to GSI for the tests. During the test phase the integrity of the cryomagnetic assembly and operation parameters of the magnet have to be tested. The mechanical stability of the cryomagnetic assembly of the suspension rods, the displacement of the cold mass in the cryostat during cooling down, the electrical insulation quality and the leak tightness have to be checked. Tests of the operation parameters of the magnet assume a verification of the hydraulic resistance and operation current of the sc-cable, strength and integral magnetic field quality, impact of the beam pipe on the field quality as well as static and dynamic heat loads. One of the most important part of these tests is an optimisation of the pole profile at the magnet ends for improving the integral field quality of the magnet. For this purpose removable inserts are foreseen on the one side of the magnet, see Fig. 5 . Five insert pairs with rectangular shape were delivered and can be used for the field optimisation purpose.
Based on the test results obtained on the FosD, decisions will be made for the series if it is necessary to modify the design or improve the production technology.
Equivalently the first quadrupole unit and doublets will be exposed to extended tests and optimisation procedures (only the special tests are given):
• The field quality will be measured with a rotating coil probe which will verify that the design and production matches the requested parameters. • The first quadrupole will have inserts on one end so that the end can be machined for achieving the desired field quality.
• The doublet will be exposed also on a test of sudden vacuum breakage, which allows verifying that the whole assembly will retain its positioning with sufficient accuracy.
D. Preparation of the Existing Facility
The existing GSI test facility is currently upgraded so that these fast ramped magnets high current magnet can be thoroughly tested. The existing 11 kA, 100 V power converter was extended to 20 kA and 22/66 V operation mode. The 11 kA water cooled Cu-Current leads will be replaced with HTS current leads (14 kA DC, 17 kA max.). HTS is required due to the limited cooling capacity of the available cryoplant. Further cryo-plant maintenance and refurbishment of the pumps were executed.
The magnets are curved and the beam pipe elliptic, therefore the magnetic measurement system must be able to follow the curvature and cover the whole aperture. This requires that a rectangular anticryostat is built along with rotating coil probes which will occupy as much space as feasible. The bidding process for the anticryostat has started next to first negotiations on the rotating coil probes to be fabricated.
III. SUPER-FRS
The Super-FRS is an in-flight separator that will be able to create and spatially separate rare isotopes from all elements up to Uranium. It has three branches (low energy, high energy and ring branch) so a wide variety of experiments can be carried out in frame of the NUSTAR collaboration [17] . The large acceptance needed leads to large apertures of the magnets and therefore only a superconducting solution is feasible. The magnets of the Super-FRS are also of superferric type, with superconducting coils but the field shaped by magnetic iron. In contrast to the synchrotrons the beam pipe of the Super-FRS will be at room temperature. The magnets have to be self-protecting, that means that they have to survive a quench without any damage even when the quench protection system fails. Nevertheless, dump resistors are foreseen for machine operation. The requirement of self protection leads to the use of superconductors with a high Cu/SC ratio. Since the current in the magnets is limited to a maximum of 300 A the coils are wound out of insulated wires rather than a cable. The reason for this current is to limit the size of the current leads. Each of the magnets is powered individually and therefore needs its own pair of leads. The magnets are cooled by a liquid Helium bath. The design pressure of the Helium containers is set to 20 bar. It is foreseen to do the cool down and filling from the bottom of the He-vessel and to refill the evaporated He from the top. Despite of being operated in DC mode three consecutive triangular cycles up to maximum current with a ramp up time of 120 s have to be possible during the different operation cycles. This cycling is necessary to always have reproducible fields independent from the previous setting.
A. Dipoles
Two types of dipoles, differing in their magnetic lengths are required in the Super-FRS. The main parameters of the dipoles are given in Table III (type 1 is a normal conducting one).
A prototype of a Super-FRS dipole has been built in China in collaboration with the Institute of Electrical Engineering, Beijing, the Institute of Plasma Physics, Hefei, and the Institute of Modern Physics, Lanzhou [18] , [19] . The dipole is an H-type magnet with racetrack coils, and only the coil is cooled, the iron yoke is at room temperature as for a normal conducting magnet. The operation current of the prototype dipole was 232 A, the stored energy about 400 kJ and the inductance about 15 H. According to quench calculations the maximum hot spot temperature is 100 K. The prototype magnet has been tested in Lanzhou in 2009. Fig. 6 shows the magnet at the test stand. The magnet reached the specified field level and field quality. Also, the triangular cycling was possible without quenching. The measured heat loads were 6.8 W and 8.1 W for zero and maximum current, respectively. 
B. Multiplets
The Quadrupole, sextupole and steerer magnets of the Super-FRS are arranged in so called multiplets where several magnets are grouped in one common cryostat. Depending on the position of the multiplet within the Super-FRS it contains from 2 up to 9 magnets (including octupole coils, which are embedded in part of the quadrupoles). Table IV gives an overview of the main parameters of these multiplet magnets. A sketch of the biggest multiplet is given in Fig. 7 . Altogether 33 multiplets are needed for the Super-FRS (including two spare multiplets). For the multiplets also the iron is at 4.2 K, due to the limited coil window and coil arrangement for the quadrupoles. The Helium inventory needed for the big multiplet is about 1200 l (in contrast to the dipole where the He volume was about 20 l). According to preliminary design studies the stored energy of the bigger quadrupole is about 1.2 MJ and the inductance of this magnet is about 27 H. Studies of the quench behavior of the magnets show that for the quench of a single magnet the pressure rise in the vessel is below the design pressure of 20 bar even in the case the dump resistor is not activated, so all the Helium can be kept inside the vessel. This is also the case if all the magnets of the biggest multiplets quenches and the dump resistors are activated as foreseen. Similar values are obtained assuming that all the energy stored in the magnets is used to heat the helium inventory adiabatically.
C. Production and Testing Strategy
The Super-FRS dipoles will be tendered by FAIR whereas the multiplets will be procured by GSI. The tendering procedure for the multiplets has started already, for the dipoles it will start in summer. It is expected that the first magnets will be ready in the first half of 2015. The cold test of all magnets is foreseen at CERN, the preparation of the test facility has started, too. After successful intensive tests of the first items of dipole, short and long multiplet the rest of the series production can be started. According to the actual time scale all magnets shall be produced, tested and installed at FAIR by 2019.
IV. SIS300 MAGNETS
The SIS300 is the second new synchrotron of the FAIR facility. It will be installed in the same tunnel and directly above SIS100. SIS300 has a FODO lattice. Due to the strong fields required the magnets have to be built as cos θ magnets. Table V gives an overview of the main parameters of the dipoles and quadrupoles of SIS300. As conductor a Rutherford cable equivalent to the one of the outer layer of the LHC dipole is used. Comparable measures, as for SIS100 have been taken to reduce the AC-losses in the conductor. These include small filaments, a CuMn interfilamentary matrix and a small twist pitch of the wire as well as a stainless steel core between the layers of the cable.
The original design foresaw a straight 6 T magnet. This was changed to a 4.5 T magnet with curved aperture, which allowed reducing its aperture, extending its total length combining two straight to a long curved one and simplified the coil design to a single layer one. Prototypes for the main magnets have been developed and tested by INFN, Italy (dipoles) [20] , [21] and IHEP, Protvino, Russia (Quadrupoles). The two prototype quadrupoles use a 19 strand Rutherford cable but different wires: one uses the original UNK wire drawn to the final diameter of 0.825 mm, the other one a dedicated low loss wire produced by Bochvar Institute (see also Fig. 8 ). Both magnets have been succesfully tested in a vertical cryostat [22] .
Besides the main magnets also designs of the corrector magnets of SIS300 were made by IHEP and a first steering dipole has been built. Due to the concentration on the components which are part of the FAIR modularized start version, the only activity going on at the moment is the construction of a second collared dipole coil as a collaboration of GSI, INFN and CERN in frame of the European CRISP project [23] .
V. CONCLUSION
The superconducting magnets are major components of the core machine of the FAIR project. The fast ramped superconducting magnets developed are a new generation of high technology products; also an interesting option for currently planned large scale synchrotrons, e.g., the PS and SPS upgrades.
The SIS100 dipoles are the first ones already being procured with the tendering of the other magnets being in preparation or already running so that the production will follow swiftly. The first of series has been delivered for the SIS100 dipoles and is a real milestone in the realisation of the FAIR projects. The first measurement and test results are expected within the coming month.
